Abstract This paper presents a reach-scale sediment balance of a large impounded Mediterranean river (the lower Ebro, 1998Ebro, -2008. Multi-temporal sediment storage and the influence of floods and tributaries on the sediment load were examined using continuous discharge and turbidity records. The mean annual suspended sediment load at the reach outlet (Xerta) is 0.12 × 10 6 t, corroborating previous results. Suspended sediment concentrations were low (SSC mean = 13 mg L -1 ), attaining a maximum of 274 mg L -1 . Erosion processes (channel-scour, bank erosion) are dominant, and net export of sediment occurs over the long term. Unexpectedly, ephemeral tributaries were found to contribute significantly: sediment delivered during torrential events attained 5% of the Ebro annual load, and was even larger than that in flushing flows. Overall, most of the suspended sediment load is transported by floods (up to 65% in some years). The results constitute basic information to underpin current management actions aiming to achieve the sustainability of the riverine and deltaic system. Key words sediment transport; dams; flow regulation; floods; sediment storage; erosion; sedimentation; River Ebro Bilan des sédiments en suspension dans un bief de grand fleuve méditerranéen en aval de barrages Résumé Cet article présente un bilan des sédiments en suspension à l'échelle d'un bief d'un grand fleuve méditer-ranéen harnaché (à l'aval de l 'Ebre, 1998'Ebre, -2008. Le stockage des sédiments à toutes les échelles de temps et le rôle des inondations et des affluents sur la charge sédimentaire ont été examinés en utilisant des enregistrements continus du débit et de la turbidité. La moyenne annuelle de la charge de sédiments en suspension à l'exutoire (Xerta) est de 0,12 × 10 6 t, ce qui corrobore des résultats précédents. Les concentrations de sédiments en suspension étaient faibles (CSSmoyen = 13 mg L -1 ), atteignant un maximum de 274 mg L -1 . Les processus d'érosion (affouillement du chenal, érosion des berges) sont dominants et, sur le long terme, on observe une exportation nette de sédiments. De façon inattendue, on constate que les affluents intermittents contribuent de manière significative: les sédiments exportés lors d'événements torrentiels représentent 5% de la charge annuelle de l'Ebre, et sont même plus importants que ceux des débits de chasse. Dans l'ensemble, l'essentiel de la charge de sédiments en suspension est transporté au cours des crues (jusqu'à 65% sur quelques années). Les résultats constituent une information de base permettant d'étayer la politique de gestion actuelle visant à assurer la viabilité du système fluvial et deltaïque.
INTRODUCTION
Rivers drain water from land to oceans and thus become the main path for transporting the products of continental weathering. Human-related activities, such as river impoundment and changes in land use, alter the sediment load in rivers. Several studies have quantified the land-ocean transfer of sediment (e.g. Milliman and Syvitski 1992 , Meybeck and Ragu 1997 , Walling and Fang 2003 , Walling 2006 concluding that, globally, sediment transport shows a decreasing trend in recent times. For instance, sediment supply in the Mediterranean basin has been reduced by almost 50% since the middle of the 20th century (Poulos and Collins 2002) . In most Mediterranean rivers (e.g. Rhône, Po, Nile), this reduction is primarily, but not uniquely, associated with sediment trapped in reservoirs, and the consequent disruption of the downstream sediment transfer. Changes in the sediment load can have major implications for downstream channel morphology, but impacts vary according to the size of the river and dam, position of the dam in the catchment, hydrologic regime, and channel morphology, as well as with the operation of the impoundment (Williams and Wolman 1984 , Brandt 2000 , Phillips, 2001 . In some cases, dams may reduce sediment transport for a considerable distance downstream, whereas in other cases impacts are apparent only in the reach immediately downstream of the dam (Brandt 2000) . For instance, for the lower Trinity River (California, USA), Phillips et al. (2004) showed that the lake and the Livingston Dam had no significant effect on sediment delivery to Trinity Bay. In contrast, major dams and reservoir constructions on the Missouri and Arkansas rivers, and revetments on the Mississippi River mainstem channel, have reduced suspended sediment loads reaching the Gulf of Mexico by between 50% and 70% (Meade and Parker 1985) , resulting in loss of wetlands and delta areas (Day et al. 2000) . The Colorado River is another example of a highly regulated system. Meade and Parker (1985) reported a reduction of more than three orders of magnitude in the annual suspended load in the Colorado River after construction of the Hoover Dam. More recently, Powell (2002) reported that 90% of the Colorado River's incoming sediment is trapped behind the Glen Canyon Dam in Lake Powell (i.e. upstream of the Hoover Dam). In this context, Richards (1982) pointed out that the effect of sediment trapping tends to decrease downstream, and sediment transport load may resemble that in the pre-dam conditions. However, the distance needed for this to occur can vary depending on tributaries' contributions and catchment size, among other factors. For large rivers, Williams and Wolman (1984) established a distance of 500 km to recover pre-dam levels, although, in some cases, sediment load may not recover.
The River Nile downstream of the Aswan Dam probably shows similarities with the Ebro.
Specifically, the amount of sediment transported to the Mediterranean by the Nile has almost ceased because of the closure of the Aswan High Dam in 1964. This has resulted in erosion of extensive sectors of the Nile Delta (at rates of 0.2 km 2 year -1 , e.g. Coleman et al. 2008) , once the largest sedimentary body on the coast of the Mediterranean Sea (Stanley 1988, Walling and Fang 2003) . In the case of the Ebro, the dam complex of Mequinenza-RibarrojaFlix is located just 100 km upstream of the river mouth and, like the Asawan Dam, it plays an important role in controlling both the flood regime and the fluvial sediment contribution to the delta, an important coastal ecosystem in the western Mediterranean. Studies on sediment transport in the lower Ebro River have already been published (e.g. Varela et al. 1986 , Palanques 1987 , Guillén and Palanques 1992 , Sanz et al. 1999 , Roura 2004 , Négrel et al. 2007 , Tena et al. 2011 and its effects on downstream geomorphic-associated processes highlighted . This body of work has emphasized the consequences of flow regulation in this large Mediterranean river system. In all cases, quantification of the sediment load was done at a single cross-section downstream from the dams, but no sediment budget assessment has been undertaken at the reach scale. To improve the understanding of the dynamics and transport of sediment in the lower reaches of this river, a sediment transport analysis has been made for a 46-km reach representative of the river between the dam complex and the Ebro Delta plain. For this, we have used a 10-year database of discharge and suspended sediment transport. This approach allows us to interpret the suspended sediment pattern below the dams at different temporal and spatial scales (from the section to the reach scale), identifying periods in which the channel becomes a sink and those in which there is a net export of sediment (i.e. the sediment balance of the study reach). This approach has improved understanding of sediment transport patterns and dynamics associated with management practices implemented in the lower Ebro River, including flushing flows (Batalla and Vericat 2009 ). Additionally, it allows quantification of the role of ephemeral tributaries in the sediment yield before the river reaches the delta plain.
STUDY AREA
The Ebro basin is located in the northeast of the Iberian Peninsula and drains an area of 85 534 km 2 .
Canaletas R. It is limited in the north by the Pyrenees and the Cantabrian mountain ranges, in the southwest by the Iberian Massif and in the east by the Catalan ranges. The river is one of the main contributors of freshwater in the Mediterranean Sea (Fig. 1 ). Due to its large catchment area, the Ebro basin is highly heterogeneous. In terms of altitude, the basin varies from above 3400 m a.s.l. in the Central Pyrenees to sea level at the delta. Mean annual precipitation is 600 mm, ranging from 2000 mm year -1 in the Pyrenean areas to 900 mm year -1 in the Atlantic headwaters, and to less than 300 mm year -1 in the dry interior depression. Mean annual discharge recorded for the 1912-2008 period at the downstream gauging station of Tortosa is 438 m 3 s -1 . A decreasing trend in discharge during the last century has been observed. Flow regulation, changes in land use and the increased water consumption for domestic, industrial and agricultural uses are pointed out as mainly responsible for the decrease in water yield (Gallart and Llorens 2004, Lopez-Moreno et al. 2011) . Flow may fluctuate from less than 50 m 3 s -1 in dry periods to more than 12 000 m 3 s -1 during extreme floods (1907, long before the catchment regulation started).
The wettest year on record was 1914-1915 (in the pre-dam period) yielding >30 000 hm 3 , while the driest was 1989-1990 yielding <4300 hm 3 (in the post-dam period); these values show the strong interannual variability and the Mediterranean character of the river. The Ebro River and its main tributaries have been progressively dammed during the 20th century. Most dams were constructed in the period 1940-1975; nowadays, 187 reservoirs impound approximately 67% of the annual runoff of the river mainstem and its tributaries (for more details on the effects of regulation on the flow regime see Batalla et al. 2004) . The Mequinenza-Ribarroja-Flix dam complex is located in the lower part of the Ebro. It constitutes the largest in the whole basin (i.e. total storage capacity of 1.7 km 3 ), regulating 97% of the basin area (Fig. 1) . There are no run-of-the-river dam schemes in the lower Ebro; i.e. all dams are located in the river's mainstem. Water in the lower Ebro has been historically managed for human purposes. Apart from the hydropower production in Mequinenza-RibarrojaFlix reservoir complex, a nuclear power plant located in Ascó (Fig. 1 ) extracts water for cooling; further downstream, two canals divert water from the Xerta weir, up to a maximum of 50 m 3 s -1 , for irrigation of the lowland areas and the delta (Fig. 1) . Apart from that, some artificial elements can be found along the channel, such as railway embankments, several bridges and some flood defence walls in the vicinity of riverine villages. The mean channel slope in the study reach is 4 × 10 -4 and channel length (L r ) is 46 km, while the straight-line valley length (L s ) is 37 km. Therefore, the studied reach shows a low sinuosity pattern (L r /L s = 1.2, from Leopold et al. 1964) , although in some parts of its course sharp bends can be found. The channel width ranges from 80 m to more than 160 m. Bars in the study reach are mainly central (i.e. mid-channel bars), while point bars can also be seen; reduction of frequent floods, due to regulation and agricultural intrusion, has given more stability to channel forms in recent decades.
The main tributary downstream of the Flix Dam is the River Siurana, which, due to dams and gravel mining, rarely delivers water and sediment to the Ebro mainstem. Between the River Siurana and the Ebro Delta, two other ungauged tributaries, both ephemeral and flashy, need to be considered: the Sec Creek (whose confluence with the Ebro is at Mora d'Ebre, Fig. 1 ) and the Canaletes Creek (joining the Ebro 7.5 km upstream of Xerta, Fig. 1 ), enclosing basin areas of 129 and 132 km 2 , respectively. The interest of these tributaries lies in their suspended sediment contribution to the River Ebro during torrential rainfall events.
Early in the 20th century, most sediment reaching the lower reaches of the river came from active tributaries in the upper regions of the catchment. Nowadays, these are all regulated. This regulation, together with the damming on the mainstem, strongly affects the magnitude and frequency of the sediment load. , among others, have estimated a mean trapping efficiency for suspended sediment at around 90% for the Mequinenza, Ribarroja and Flix reservoirs. In addition, downstream of the dams, the hydrology of the lower Ebro has also been altered. Frequent floods (i.e. Q 2 to Q 25 ), typically responsible for the morphological equilibrium in rivers, have been reduced by 25% on average (Batalla et al. 2004) . A variety of morphological adjustments, and thus ecological changes, still occur in the river; these include: bed degradation ; re-vegetation of formerly active bar areas ; river bed armouring ; and the uncontrolled proliferation of macrophytes in the channel (Batalla and Vericat 2009 ).
METHODS

Data collection and processing
Data used in this study consist of continuous records of discharge and turbidity collected at several sections in the lower Ebro River mainstem, over the period 1998 to 2008. Data were provided by the Ebro Water Authorities (hereafter CHE). At each gauging station, water stage (h) is recorded every 15 min by means of an OTT Water Stage Recorder, and then transformed into discharge (Q) by means of a specific h/Q rating relationship. At water quality stations, turbidity (in NTU) is recorded every 15 min by means of Hach SS6 turbidity probes. Hourly averages were made to smooth the short-term variability. Specifically, data from two monitoring sites are used to control the input and output of the fluxes of water and sediment in the study reach. The input data set is composed of (see The output data set is composed of (Fig. 1 for locations):
(c) discharge data from the Tortosa gauging station (hereafter TGS) located 42 km upstream of the Ebro Delta; and (d) turbidity data from the Xerta water quality station (hereafter XMS) located 14.5 km upstream of TGS.
It is important to mention that the hydrology and sediment load dynamics at the upstream section (PAMS) were examined by Tena et al. (2011) . These data are used in the current paper only to report on the input fluxes to the study reach. In particular, this study analyses the flow and flood regimes, and the sediment load at the downstream end of the reach (XMS). By comparing the input and the output sediment loads, we assess the decadal sediment budget for the entire 46-km-long study reach (i.e. in the PAMS to XMS reach).
As part of the suspended sediment sampling programme implemented in the lower Ebro River between 2002 and 2009 by the University of Lleida, in collaboration with the CHE, 106 water samples were collected at the Tortosa Bridge (100 m upstream of TGS). Data from samples have been used to transform the turbidity series at XMS, following the same procedures applied by Tena et al. (2011) over a similar river distance. At TGS, samples were taken under a wide range of flow conditions (between 96 and 1953 m 3 s -1 , i.e. discharges that range from very low flows to floods of >3-year return period); and account for 92% of the time in the flow duration curve of the study period. Sampling was done at a single vertical section in the centre of the river cross-section (for more details of sampling procedures and uncertainties in this river, see . Samples were processed in the laboratory to determine the suspended sediment concentration (SSC); SSCs were obtained by filtering a known water volume (approx. 0.75 L). Subsequently, the SSC (expressed in mg L -1 ) for each sample was calculated after drying and weighing the filter. The methodology reported by Tena et al. (2011) was followed to determine the organic matter content; then, the percentage of organic matter was subtracted from the filter weight. Discharge and suspended sediment concentrations obtained at TGS were then routed to XMS. A full description on routing methods is given in the next section (and can also be found in Tena et al. 2011) .
Data analysis
3.2.1 Discharge and sediment routing Water stage was recorded at XMS during the 10-year period. A relationship between water stage at XMS and discharge at TGS was made ( Fig. 2(a) ) considering the elapsed time between both sections (i.e. flow routing). Water stage peaks at XMS were compared with those registered at TGS. The peaks were grouped according to the following discharge categories:
-low: <400 m 3 s -1 , -medium: 400-700 m 3 s -1 , and -high: >700 m 3 s -1 .
The time interval between peaks registered at XMS and those recorded at TGS was taken as the routing time. The average routing time of the different peaks analysed in each discharge group was then estimated. Mean routing time for low, medium and high discharges was estimated at 180 min (standard deviation, SD: 11), 105 min (SD: 9) and 90 min (SD: 9), respectively. Hydrographs at XMS were finally routed from the downstream TGS following the Muskingum approach (e.g. Shaw 1983 ) and considering the aboveestimated routing times. In the case of the turbidity records, it was assumed that suspended sediment was transported at the same velocity as the water within the 14.5-km channel length between XMS and TGS ( Fig. 1 ). The nature of the lowland reach between the two measuring locations, without net water and sediment inputs and outputs, supports this assumption.
Turbidity calibration and load computation
Water and sediment samples collected at TGS were used to elaborate a field-based calibration to convert the turbidity records registered at XMS into suspended sediment concentration. Several steps were followed to achieve this goal. First, turbidity records were checked and corrected if necessary. This task was performed by means of a Matlab ® time series routine. In particular, special attention was given to filling periods of missing data and to correcting irregular values derived from malfunction or maintenance tasks of the turbidity probes. This approach was not followed when the periods of missing data were greater than 5 hours. In such cases, interpolation was performed using a statistically significant relationship between Q and NTU for the entire analysis period (NTU = 0.02Q + 8.93, N = 86 713, r 2 = 0.16, p < 0.001). The coefficient of determination does not explain an important part of the variance in the relationship (i.e. a similar degree of correlation was found in an upstream location by Tena et al. 2011 ), but we consider this value reliable enough to fill gaps in the series. It is worth emphasizing that most gaps and errors did not occur during floods (when the largest amount of sediment is transported) and these represent less than 6% of the data. When the turbidity record was reviewed and completed ( Fig. 3) , a correlation between the NTU and the 100 suspended sediment concentrations routed from TGS was made, obtaining the following relationship: SSC = 0.81NTU, N = 107, r 2 = 0.94, p < 0.001 ( Fig. 2(a) ). Finally, suspended sediment load was calculated by multiplying the hourly record of suspended sediment concentration (in mg L -1 at XMS), the hourly record of discharge (in m 3 s -1 , routed from TGS), and the number of seconds in one hour (i.e. 3600).
Contribution from tributaries
Under low-flow conditions, water and sediment contribution from tributaries to the mainstem Ebro is negligible (the streams are typically dry with no water and sediment contribution most of the time; for more details and discussion, see, for instance, ; however, during sporadic localized rainfalls, discharge (Q) and, especially, suspended sediment contribution (SS) may be high. With the purpose of determining the magnitude of such contributions, differences in Q and SSC between PAMS and XMS were examined. Abrupt changes observed at XMS, and not registered previously in PAMS, suggest that a significant contribution from an intermediate (but undetermined) tributary must have occurred. In addition, rainfall series in the tributary basins were examined to corroborate any coincidence between rainfall and the likely flood events. Altogether, 11 events in tributaries contributed significant Q and SS to the mainstem Ebro. In order to separate the baseflow component of the flood hydrograph events, a simple method was used (i.e. discharge graphical approach, Linsley et al. 1958 ). This method assumes that baseflow is constant during the flood hydrograph. The minimum streamflow immediately prior to the rising limb was used as the constant value. The same method was followed for SS. This method allows specification of the water volume and sediment load provided by tributaries at each event, separately from the Ebro. It is worth mentioning that, here, we do not attempt to distinguish the source of Q and SSC input (whether it comes from the Canaletes and Sec creeks and the River Siurana, or a combination of them), but the total contribution of the tributaries as a whole.
RESULTS
Here, we examine the hydrology and the sediment transport at the outlet of the study reach (XMS). For details on the same processes at the upstream monitoring section (PAMS), see Tena et al. (2011) . Below, we elaborate a reach-scale water and sediment budget by comparing patterns observed at the two river sections.
Hydrology at XMS (Xerta monitoring section)
Discharge at XMS for the study period (October 1998 -September 2008 ranged from a minimum of 57 m 3 s -1 that occurred in the hydrological year 2001/02, to a peak flow that reached 2479 m 3 s -1 in October 2000, a discharge that represents a return period close to 7 years ( Fig. 4(a) , Table 1 thus, the study period can be considered relatively dry when compared with the regulated flow regime (Fig. 4(a) , (Fig. 4(b) , Table 2 ). The monthly flow pattern (Fig. 4(c) , Table 3 for complete data). (b) Seasonal distribution of water yield and sediment (see Table 4 for complete data). (c) Monthly distribution of water yield and sediment load (see Table 5 for complete data). Mean, maximum and minimum concentration (SSC) and discharge (Q) values are also presented in the figure. Table 2 Seasonal discharge and suspended sediment data for the study period in the River Ebro (see Table 1 for notation). Table 3 Monthly discharge and suspended sediment data for the study period in the River Ebro (see Table 1 for notation). Table 4 ; these inputs do not generate substantial changes in the water budget, but may affect suspended sediment transport dynamics and, ultimately, the sediment yield at the downstream monitoring section, XMS.
Sediment transport at XMS
The mean SSC during the study period was 13 mg L -1 (SD: 5.5 mg L -1 ). The maximum instantaneous SSC was 274 mg L -1 and was associated with a discharge of 895 m 3 s -1 and recorded during a flushing flow in November 2006; concentration varies markedly between years ( Fig. 4(a) , Table 1 ). Seasonally, suspended sediment did not follow the same pattern observed for runoff, although differences are small. In the case of SSC, autumn and spring showed the largest mean value (14 mg L -1 ), while summer registered the lowest (9 mg L -1 , on average) (Fig.  4(b) , Table 2 ). Although maximum SSCs are registered during November, March contributes the most to the annual suspended sediment load (Fig. 4(c) , Table 3 ). Floods made a significant contribution to the total load, although sediment transport varied greatly between events. Mean concentration recorded during natural floods was 40 mg L -1 (SD: 17 mg L -1 ), with a maximum of 190 mg L -1 (SD: 40 mg L -1 ). SSCs during flushing flows were more variable than during natural floods. The mean SSC during such conditions was 46 mg L -1 (SD: 41 mg L -1 ), indicating a high variability during these events. The maximum concentrations also varied significantly, ranging from 27 to 274 mg L -1 (SD: 104 mg L -1 ). Maximum SSC values are always obtained during flushing flows. Occasionally, and, as previously described for the hydrology, tributaries may alter sediment loads carried by the mainsteam. Although in terms of hydrology these can be considered irrelevant, sediment input from tributaries may supply appreciable amounts to the lower reaches, controlling suspended sediment dynamics and sediment yields at short time scales. According to the 10-year record at XMS, sediment contribution from ephemeral tributaries may attain maximum concentrations of up to 188 mg L -1 . This concentration equates to two-thirds of the maximum suspended concentration recorded during the study period in the mainstem Ebro. In most of the cases, floods from these tributaries are not correlated with mainstem floods. Therefore, high SSCs driven by sediment inputs from tributaries are associated with low discharges in the mainstem. For instance, the SSC of 188 mg L -1 was associated with a discharge of 300 m 3 s -1 (Table 4) . Therefore, under such conditions, although concentrations are high, the volume of water is rather low; this situation generates relatively low sediment loads, but that may control suspended sediment patterns and dynamics and the availability of sediment in the lower reaches in the early stages of mainstem floods.
Reach-scale hydrology
The flow pattern is very similar at both the PAMS and XMS stations. Although occasionally tributaries may supply water to the mainsteam, this is always very small when compared to the discharge of the Ebro. At the annual scale, mean annual runoff (MAR) at XMS during the study period was 8614 hm 3 , while at PAMS it was 9971 hm 3 . The difference is attributable to water abstraction (about 1575 hm 3 year -1 ) that takes place through the irrigation canals upstream of Xerta (Fig. 1) . Runoff is slightly more variable interannually at XMS (SD: 3236 hm 3 ) than at PAMS (SD: 3159 hm 3 ); we interpret this as an effect of sporadic contributions from tributaries. Water abstraction by irrigation canals upstream of Xerta is constant through time and it does not have an effect on the downstream river flow pattern. The seasonal pattern is coincident in both stations, although totals are slightly lower in XMS. The winter was the wettest season (on average, winter seasons register 2971 hm 3 , i.e. 35% of the MAR), followed by spring (2621 hm 3 , 30% of MAR) and autumn (1830 hm 3 , 21% of MAR); summer was typically the driest period (1192 hm 3 , 14% of MAR). Similarly, mean water yield during the wet half of the year (December-May) was 6017 hm 3 (SD: 2969 hm 3 ), a value that is substantially larger than that observed during dry months (June-November) with 2597 hm 3 (SD: 561 hm 3 ).
At the event scale, differences were observed between natural floods and flushing flows. The mean peak discharge of natural floods at XMS was 1877 m 3 s -1 , with a maximum of 2479 m 3 s -1 , equating to a recurrence interval of 7.5 years (i.e. Q 7.5 ) estimated from the post-dam data at the Tortosa gauging station (Gumbel method). In the case of flushing flows, mean peak discharge was 874 m 3 s -1 , with a maximum of 968 m 3 s -1 , representing a recurrence interval of 1 year (i.e. Q 1 ). In both cases, peaks of natural floods and flushing flows are smaller at XMS than PAMS, mostly due to attenuation during routing, and also to diversions for irrigation (Table 5) . Total runoff is much higher in natural floods than in flushing flows. Some natural floods can represent up to 27% of the annual runoff (such as that of 27 March 2007), while in the case of the flushing flows they never exceed 1% of the annual water yield. In absolute terms, the total runoff generated by natural floods represents up to 16% of the runoff for the entire study period, while for flushing flows this value was less than 0.3%. This is not only related to the different magnitude of the peaks, as described above, but to the duration of the events: natural floods had a mean duration of 293 h (SD: 90 h), while the mean duration of flushing flows was 28 h (SD: 5.43 h) ( Table 5 ).
Reach-scale sediment transport
The total suspended sediment load at XMS for the whole study period is estimated at 1.16 × 10 6 t. This value is markedly higher (25%) than that reported at PAMS (i.e. 0.92 × 10 6 t) for the same period by Tena et al. (2011) . If we consider the load that is diverted to the irrigation canals, then the sediment load at XMS could have been even higher, making the difference between the upstream and downstream sections even larger. Mean annual load at XMS is around 0.115 × 10 6 t (SD: 0.07 × 10 6 t) (it was 0.092 × 10 6 t at PAMS). This value is of the same order of magnitude as reported in other studies on the lower Ebro, such as Guillén and Palanques (1992) and Négrel et al. (2007) . Certain, but no extreme, inter-annual variability in the sediment load has been observed; most years fall inside an envelope of ±1 SD over the mean load, whereas only two fall outside it: 2001-2002 with 0.01 × 10 6 t (the minimum during the study period) and 2000-2001 with 0.25 × 10 6 t (the maximum; see details in Fig. 4(a) and Table 1) . No relationship between PAMS and XMS regarding load magnitude becomes apparent (Fig. 4(a) , Table 1 ). Seasonal patterns also differ between PAMS and XMS sections (Table 1 ; more details on PAMS dynamics can be found in Tena et al. 2011) . At XMS, winter is the season when the largest suspended sediment load occurs (with a mean of 0.045 × 10 6 t year -1 , corresponding to 39% of the average annual load), although very close to spring (0.040 × 10 6 t year -1 , 35%), and followed by autumn (0.021 × 10 6 t year -1 , 18%). Summer is again the lowest mean suspended sediment load (0.009 × 10 6 t year -1 , 8%).
The mean monthly suspended sediment load at XMS was 0.10 × 10 6 t (SD: 0.07 × 10 6 t). This value is slightly higher than that calculated at PAMS (i.e. 0.08 × 10 6 t, SD: 0.05 × 10 6 t). In this case, the monthly pattern at XMS is similar to that observed at PAMS. Mean monthly loads were moderately higher at XMS, with the exception of the midsummer months (July and August). The main difference was found in March, when the load was much higher at XMS than at PAMS (0.014 and 0.024 × 10 6 t year -1 , respectively). Following the runoff pattern, monthly sediment loads at XMS during the wet season (December-May: 0.09 × 10 6 t, SD: 0.05 × 10 6 t) are markedly higher than those in the dry season (June-November: 0.03 × 10 6 t, SD: 0.02 × 10 6 t) (Fig. 4(c) ).
Floods, including both natural and flushing flows, are relevant for sediment transport. The contribution of such events represents 39% of the total suspended sediment load measured at XMS (i.e. 0.45 × 10 6 t). However, the fraction of sediment transported during natural or artificial events is mostly different, being 38% and 1%, respectively. Despite the role of floods on the total load at PAMS being rather small in absolute terms (i.e. 0.42 × 10 6 t), the percentage of flood contribution at the upstream monitoring section is higher than at XMS (i.e. 45% of the total load, of which 43% correspond to natural floods and 2% to artificial floods, Tena et al. 2011) . This can be attributed to a larger transport capacity associated with significantly larger peaks at PAMS, and the strong flashy behaviour of flood hydrographs due to the proximity of the section to the upstream dams.
Finally, a phenomenon not reflected in prior studies is the contribution of ephemeral tributaries to the lower River Ebro. A total of 11 floods have been incorporated into the study period data, which resulted in an estimated sediment supply of the order of 0.07 × 10 6 t (i.e. 5% of the total load of the Ebro at XMS). This value is of the order of the load that is transported during flushing flows. We are aware that the error associated with this figure may be high (sparse sampling, lack of continuous discharge record, temporal variability of the phenomena). However, our purpose is to provide a first approximation of the magnitude of the tributaries' contribution to the total sediment load of the lower Ebro River at the Xerta monitoring section, and to highlight the role of small creeks in the sediment load of a river experiencing long-term sediment deficit (Fig. 1) . The data are sufficient for this purpose. 
Sediment balance
The sediment balance of the 46-km-long section of river from PAMS to XMS is examined and discussed in relation to that of the reach between Flix and PAMS for the same period of time (see Tena et al. 2011) . The sediment balance between both monitoring sections has been estimated using the formula:
where SS balance is the net fine sediment balance in the study river reach (in t) for a given time t, and SL XMS and SL PAMS are the suspended loads (in t) at XMS and PAMS for a given time t. Negative SS balance values indicate that sediment transported in PAMS does not reach the downstream section (hereafter presented as capacity lost, i.e. sedimentation); positive values indicate a gain of sediment at the downstream end of the study reach (hereafter presented as net export, i.e. sediment gain at the outlet). In conditions where there is a net export, sediment availability in the downstream section increases; this can be attributed to both input from tributaries and localized erosion in the main channel. It is assumed, in contrast, that if sediment load for a given time t is higher in the upstream monitoring section, deposition processes are predominant in the reach. The long-term sediment balance is used as an initial approach to understand the river's sedimentary dynamics.
Temporal variability
Results for the whole study period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) show that net export of fine sediment is the dominant process. Figure 5 (a) illustrates that periods with net export are much larger (in terms of magnitude) and more frequent than periods with capacity lost (i.e. sedimentation). Overall, periods with net export were more frequent (i.e. 66 months) and, altogether, yielded an amount of 0.35 × 10 6 t. Conversely, periods when the result was capacity lost accounted for a total of 0.11 × 10 6 t; this process was dominant during 54 months. The relationship between flood magnitude and capacity lost/net export, however, varies substantially through time. This can be observed in Fig. 5(b) where the accumulated value of the suspended sediment balance has been plotted. As seen in Fig. 5(b) , high magnitude floods (i.e. Q i > Q 3 ∼ 1800 m 3 s -1 ) could generate either a net export of sediment (i.e. sediment gain) or sedimentation (i.e. capacity lost) in the 46-km study reach.
Previous studies (e.g. have shown that high-magnitude floods in the lower Ebro tend to break up the armour layer, increasing sediment availability and degrading the river channel through bank erosion and bed incision. Therefore, taking into account these dynamics and considering impoundment of the river, the result of the sediment balance expected under such conditions would be net export. That was the case for the October 2000 flood event (i.e. Q 7.5 ). In contrast, other large floods produce sedimentation or capacity lost (i.e. negative slopes in Fig. 5(b) ). During large floods, when high flows are prolonged in time (weeks), larger amounts of sediment pass through the reservoirs causing high loads in areas close to the dam (e.g. PAMS). Downstream, the progressive loss of energy decreases the ability of the flow to transport sediment in suspension, thus generating sedimentation. The reduction in energy availability is also related to overbank flows. In the River Ebro, when discharge exceeds 1400 m 3 s -1 , the flood plain is inundated (see Tena et al. 2011) . The increase in the cross-sectional area causes an increase in flow resistance, as more contact exists between the flow and channel boundary, leading to less transport capacity per unit area of the channel and sediment deposition. Sedimentation during flood events may be also attributed to the fact that erosion processes are not always proportional to flood magnitude; i.e. critical river-bed entrainment and bank strength prior to a given event may interfere in the sediment dynamics and loads observed at the outlet of the study reach.
During floods of low magnitude, the sediment load at XMS can be larger than those observed at PAMS, resulting in a net sediment export. Lowmagnitude floods (peaks < 1000 m 3 s -1 ) have relatively small competence and erosional processes occur rarely . Downstream winnowing of fines has been described as the dominant process under such situations. These conditions do not generate an increase in the availability of sediment; therefore, a net sediment export is rather unlikely. However, in-channel sediment availability may increase when torrential rains occur in the southwestern parts of the Ebro's headwaters. Figure 5 (b) also shows the role of discrete sediment contributions from those tributaries. Floods in ephemeral streams flow into the Ebro between PAMS and XMS, increasing sediment availability and the load at the outlet of the study reach (e.g. September 2006, see Table 4 for a selection of floods from the Canaletes Creek). PAMS and XMS (1998-2008) .
Despite this general variability, at the interannual scale, several phases can be described: The largest changes in sediment storage occurred during seasons with major flood events, i.e. winter and spring. During summer and autumn, sedimentation prevails, although patterns are less visible.
Changes in sediment storage
The results from the sediment balance suggest that, in the long term, net export of sediment predominates. As has been indicated previously, the sediment balance for the 46-km channel length is not just a function of the river hydrology (hence hydraulics). It becomes clear that the system is supply-limited, but also other factors, such as antecedent conditions (dry/wet character of the previous period), sediment exhaustion, energy of dam releases, flood routing, overflooding and associated energy losses, flood duration and dam operation, may play an important role in controlling sediment availability, transfer and transport. Overall, although the role of individual governing factors cannot be properly separated, it is clear that net export generates a decrease in the sediment stored in the study reach. In order to quantify this phenomenon, the changes in sediment storage per unit of channel area have been estimated. Changes in sediment storage were calculated by considering several assumptions and applying the following equation:
where SS g is the change in sediment storage (t m -2 ) across the study reach for the whole study period; SL XMS and SL PAMS are the suspended load (t) at XMS and PAMS for the whole period; W is the mean channel width (m) between PAMS and XMS; and L r is the channel length (m) between both stations. The channel form is considered to be regular; the area of the study reach has been calculated assuming it can be represented by a rectangle. Net export conditions are those in which results from equation (1) are negative, thus SS g < 0.
Overall, the mean annual net export of sediment in the study reach for the whole 10-year period has been estimated at 3.4 kg m -2 year -1 . Part of this volume may be attributed to the sediment supplied from tributaries during torrential flood events, as has been discussed above. A value of 5% for sediment supply from lateral creeks has been estimated and subtracted from the net export, thus obtaining the sediment contribution that is associated with erosion processes in the main channel (i.e. bed incision) and banks (i.e. bank erosion). Net channel export is thus 3.2 kg m -2 year -1 . Furthermore, considering a dry density of fine sediments of 1.1 t m -3 (e.g. Sanz et al. 1999) , this net export would be attributed to an erosion rate of 0.3 cm year -1 (i.e. a total erosion during the study period of 3 cm). This value only reflects net fine sediment supply; part of it can also be related to localized bank erosion. This is why it cannot be directly compared with the mean bed incision reported by for a 27-km channel length between Flix and Mora d'Ebre. In that case, the estimation was based on total bed material transport (i.e. the river bed itself being the source). reported a mean annual bed incision of 2 cm. In our case the estimation is based on suspended sediment, with the source being not only the river bed but also, and especially, the river banks. Considering the small proportion of fine sediment (<0.5 mm) in the surface and subsurface bed materials (as per , as well as the influence of the bed armour layer on the protection of fine subsurface deposits , the source of the fine sediment in our estimate could primarily be attributed to bank deposits. We conclude that the combination of our estimate and that presented by provides, for the first time, a reliable quantification of the range of erosion rates acting in the bed and banks of the lower River Ebro downstream of the dams.
Frequency of suspended sediment transport
The frequency of the suspended sediment transport has been examined by means of sediment duration curves at both monitoring sections (Fig. 6 ). This method shows the fraction of the total load that is transported during a given percentage of time: steeper curves indicate that a large proportion of sediment is transported over short periods of time, a fact that can be mainly attributed to flood events. Three main patterns, characterized by certain proportionality in the frequencies of water and sediment transport, can be distinguished in the lower Ebro:
(a) Years with relatively small sediment transport (1998/99, 2001/02 and 2004/05) . In these years, on average, 90% of the load was transported during 85% of the time (SD: 5%). A similar pattern was observed at PAMS (Tena et al. 2011) , where 90% of the load was transported during 82% of time (SD: 6%). The contribution of low and high flows to the frequency of sediment transport can be further discussed by comparing PAMS and XMS patterns (Fig. 6 ). As stated above, the general steepness of the suspended sediment frequency curves in the lower Ebro illustrates that, overall, sediment transport was controlled by less frequent flow conditions (i.e. floods). However, the importance of low flows at XMS in comparison to PAMS is notable. This pattern may be related to the sediment contribution from the tributaries. In the upper reach (i.e. upstream of PAMS, Fig. 1 ), there are no important tributaries that could supply sediment to the mainstem Ebro, unlike in the lower reach (Canaletes Creek). The contribution of these tributaries to the total sediment load was estimated to be appreciable (i.e. 5% of the total load; approx. 73 600 t, see Section 4.4). Occasionally, sediment supplied from these tributaries increases substantially the concentrations of the Ebro during low flow conditions. For instance, concentrations up to 200 mg L -1 have been observed at XMS under discharges below 200 m 3 s -1 . However, their small size (e.g. basin area < 135 km 2 ) and their ephemeral flow regime make their contribution of little significance in relation to the total water and sediment yield at XMS.
CONCLUSIONS
This paper analyses the suspended sediment load and dynamics in a 46-km reach of the lower Ebro, a large impounded Mediterranean river, over a 10-year period. The sediment balance at different time scales, and the distinct role of low flows, floods and inputs from tributaries, were examined based on continuous discharge, water samples and turbidity records. Changes in sediment storage provide a first estimate of the magnitude of the erosion processes downstream from dams after 40 years of the river's regulation. The main conclusions from this work are as follows:
(1) Mean suspended sediment load at the Xerta monitoring station (60 km downstream from the dams) is estimated at around 0.115 × 10 6 t year -1 . Specific sediment yield was estimated at around 1.3 t km 2 year -1 , a much lower value than that reported for other large impounded rivers. Suspended sediment concentrations observed at XMS during the 10-year period were low; mean suspended sediment concentration was 13 mg L -1 , while the maximum was just 274 mg L -1 . These values are slightly higher than those registered at the upstream monitoring station (PAMS), close to the dams, at which mean and maximum values were 9 and 240 mg L -1 , respectively. (2) The sediment balance of the river reach indicates that net export of sediment predominates over sedimentation. Net sediment export was observed during 66 months, reaching 3.5 × 10 5 t, while sedimentation occurred during 54 months, accounting for 1.10 × 10 5 t. Damrelated sediment starvation effects are evident along this reach downstream of the dams, and the sediment balance (i.e. comparison between upstream and downstream monitoring sections) suggests that a majority of the sediment is derived from channel and bank erosion.
(3) Sediment storage is not just a function of the hydrology of the study reach. The system is supply-limited, and so other parameters, such as antecedent conditions, sediment exhaustion, energy of dam releases (i.e. Flashiness Index as per Batalla and Vericat 2009) , loss of energy due to flow routing and overflooding, are considered to play an important role in sediment dynamics in the study reach. (4) Ephemeral tributaries contribute significantly, and unexpectedly, to the total sediment load of the mainstem Ebro. The sediment delivered from these streams during torrential events were even larger (5% of the annual load) than those yielded during flushing flows. This indicates that, in impounded rivers where the sediment supply is limited, the sediment contribution from tributaries can be a key to help in the design of management programmes aimed at the transfer of fine sediment to downstream estuarine and deltaic environments. Despite the role of tributaries, floods are responsible for the vast majority of the suspended sediment load in the river on an annual scale. In some years, natural floods transported up to 65% of the annual load. (5) This work contributes to the understanding of the sedimentary status of the lower Ebro. The 10-year sediment balance of the river between Pas de l'Ase and Xerta, and the comparison with results upstream, corroborates previous evidence that the Mequinenza-Ribarroja-Flix dam complex has reduced the sediment delivery to the lower reaches of the Ebro. The results confirm that, in the River Ebro, as in many impounded rivers, the channel downstream from the dams experiences net sediment export, although this is moderated by episodic contributions from tributaries. The results provided in this study add fundamental information, which is needed to improve current management programmes that are being undertaken in the river (e.g. flushing flows), and to ameliorate the sedimentary disequilibrium in the riverine and deltaic system. 
